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I. General Introduction
Since Its isolation from Delft yeast by Keilin in 1930, much 
structural and functional information about cytochrome c has been 
elucidated. However, today there is no clear agreement as to how this 
soluble protein functions in the mitochondrial respiratory chain as a 
link between the membrane-bound proteins of cytochrome c^ and cytochrome 
oxidase.
To gain some insight into the electron transport activity of 
cytochrome c, the structural features and the concerted action of the 
two main components, the iron porphyrin prosthetic group (commonly referred 
to as heme) and the amino acid chain of approximately 103 to 112 residues 
have been extensively studied. The iron center of the heme prosthetic 
group (Figure 1) is six coordinate. Filling the four equatorial sites are 
pyrrole nitrogens. Two neighboring pyrroles are covalently attached to 
the polypeptide chain via thioether linkages frcm cysteine 14 and cysteine 17. 
Propionic acid side chains are attached to the two remaining pyrroles. 
Histidine 18 and methionine 80 fill the axial coordination sites about 
the iron center. The polypeptide chain consists of short stretches of 
alpha helix which wind around the heme, leaving only one edge of the 
porphyrin moiety exposed.
One possible means of investigating the interplay of the heme and 
protein as well as their roles in electron transport activity is by 
effecting cleavage of the amino acid chain and studying the redox activity 
and properties of the resulting polypeptide. Currently, two approaches 
to accomplishing such cleavage are used: enzymatic and chemical. Involved 
in the enzymatic method are proteolytic enzymes, e. a., trypsin, chymotrypsin, 
and carboxypeptidase. This method is limited in that proteolytic enzymes
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Figure 1, The equatorial coordination of the four pyrrole nitrogens about 
the heme center. The polypeptide chain is attached to the 
porphyrin ring by thioether linkages to cysteine 14 and 
cysteine 17 (shown) and by the axial coordinations of histidine 18 
and methionine 80.
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are generally not specific for one certain amino acid, but rather, cleave 
after a number of amino acids. For this reason, it is often difficult to 
control the extent of cleavage of the protein. Nonetheless, several interesting 
polypeptide fragments of cytochrome c have been generated by enzymatic 
digestion, e. g., heme peptides (HP-) 5, 8, 9, 11, 38 (1, 2, 3, 4, 5).
In choosing a suitable chemical reagent for peptide bond scission, 
two characteristics are ideal. First, the reagent should effect cleavage 
at only one type of amino acid. Second, rt-jtion conditions should be 
mild so that neither unspecific cleavage nor irreversible protein denaturation 
occurs.
Cyanogen bromide (CNBr) to a large extent fulfills both criteria.
Under neutral or acidic conditions, CNBr cleaves the peptide bond after 
methionine. Upon reaction, CNBr converts methionine to homoerine lactone 
which is in equilibrium with homoserine. Gross and Witkop (6) in 1962 
first demonstrated nonenzymatic fragmentation as applied to bovine 
pancreatic ribonuclease.
In its 104 amino acid sequence, horse heart cytochrome c contains 
two methionines. Methionine 65 is arranged on the surface of the protein, 
while methionine 80, as mentioned previously, occupies the sixth coordination 
position of the iron. Theoretically, then, it is possible to generate 
five fragmentation products upon reaction of cytochrome c witn CNBr 
(Table 1). Corradin and Harbury (7) determined conditions for cleavage 
at methionine 65 over methionine 80 in order to generate HP-65 (Figure 2) 
and the nonheme polypeptide containing 39 amino acid residues (Figun **) 
in a high yield.
Interest in HP-65 has grown in recent years due to the demonstration 
by Corradin and Harbury (8) that HP-65 and the remaining polypeptide 
could be reconstituted to form a complex with properties paralleling 
•those of native cytcchrome c. The resulting protein is referred to as
3
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Table 1. The cyanogen bromide reaction products of horse heart 
cytochrome c. Also shown are the molecular weights of 
the products and the relative charges at pH = 7.0.
CNBr Reaction Products
Polypeptide Molecular Weight Relative Charge (pH
HP-65 7300 +6.5
HP-80 9600 +7.5
66-104 (nonheme) 4500 +3
81—104 (nonheme) 2700 +2
66-80 (nonheme) 1800 +1
5Figure 2. Heme peptide 65 showing the alpha helix and the amino acid 
side chains. The carboxy terminus is labelled as 65, and 
the amino terminus is labelled as 1. The view shows the plane 
of the porphyrin ring perpendicular to the plane of the paper. 
(Figure kindly provided by Terry R. Coley)
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6Figure 3. The nonheme polypeptide 66-104 resulting from CNBr cleavage 
at methionine 65 of horse heart cytochrome £. Only the alpha 
helix and the amino acid side chains are shown. (Figure 
kindly provided by Terry R. Coley)

7semi synthetic cytochrome c. The reaction conditions are mild and the 
procedure is straightforward: the nonheme polypeptide is added to
reduced HP-65 in acidic conditions at room temperature.
Several interesting uses have been made of HP-65. It is possible 
to target for modification one of a certain kind of amino acid on either 
the heme or nonheme fragment. Reformation of the bond between residues 
65 and 66 allows for the study of the effects of specific modification.
For example, it would be possible to modify tyrosine 48 while leaving 
tyrosines 67, 74, and 97 unchanged. Mere recently, the semisynthesis 
approach has grown in appeal. Merrifield's solid phase synthesis allows 
for the construction of polypeptides of varying sequence. With this 
technique, it is possible to modify large portions of the sequence. 
Reconstruction of the bond between the native heme polypeptide and 
the synthetic nonheme polypeptide has been achieved to produce biologically 
active complexes (9).
In this project, the cleavage of cytochrome c with CNBr and the 
purification of HP-65 and the resulting nonheme fragment of 39 amino 
acid residues were studied.
II. Materials
Horse heart cytochrome c (Type VI), CNBr, and ninhydrin were obtained 
from Sigma Chemicals (St. Louis). The protein was kindly purified by 
Sten A. Wallin to remove any deaminated forms. The purification involved 
oxidation with potassium ferricyanide followed by separation on Bio-Rex 70 
(Bio-Rad Laboratories) in sodium phosphate buffer (pH = 7.2, H - 0.325). 
Formic acid was obtained from MCB Reagents. Sephadex G-50 (fine grade) 
was purchased from Pharmacia. P-6 and P-2 gels were the products of 
Bio-Rad Laboratories. All buffers were prepared with water purified by 
a Sybron/Barnstead NANOpure system, and were deareated prior to use.
LKB columns (LKB-Broma) and Econo-Columns (Bio-Rad Laboratories) 
were used for chromatography. Elutions were run using an LKB 2132 
Microperplex Pump, an Isco Column Monitor, and an LKB 2070 ultra Rac II. 
Solutions were concentrated using either Amicon stirred Ultrafiltration 
cells and Diaflo ultrafilters (YM 5, YCO 5) or a lyophilizer. All spectra 
were recorded on a Varian Cary 219 Spectrophotometer using 1 cm matched 
quartz cuvettes and the appropriate buffer as a reference.
8
Ill, Methods
In order to obtain preferential cleavage at methionine 65 over 
methionine 80, a 3:1 molar ratio of CNBr to cytochrome c was used, 
following the procedure of Corradin and Harbury (7). Initially, the 
purification was attempted using gel filtration chromatography, but 
unsatisfactory results led to the use of separation of heme fragments 
from nonheme fragment? using ultrafiltration, followed by chromatographic 
purification of each mixture.
Reaction, Fifty milligrams of purified cytochrome c in approximately 
3 rnl sodium phosphate buffer (pH - 7,2, H - 0.325) was added to 70% (v/v) 
formic acid in a serum bottle in the hood to yield a 15 mg/ml solution. 
Twenty-five milligrams CNBr was weighed in a stoppered bottle and was 
dissolved in 20 ml 70% formic acid. One milliliter of this solution 
was added to the cytochrome c/formic acid solution to give a 3:1 molar 
ratio of CNBr to protein. The serum bottle was tightly stoppered and 
the mixture was slowly stirred for 2k hours. The reaction was quenched 
by diluting 10 fold with water.
Sephadex G-50 Purification. The reaction was partially lyophilized 
to approximately 5 ml. The mixture was loaded on a Suphadex G-50 column 
(2.5 x 25 cm) equilibrated in 7% formic acid (pH 1.6) at 4°C, The 
sample was eluted at 5 ml/ hour with 7% formic acid, and an elution 
profile was obtained by monitoring at 280 nm.
UltrafiJ tration. The reaction mixture was neutralized to pH = 7 
using IN NaOH. The separation of the two heme containing fragments and 
unreacted cytochrome c form the three nonheme components was ahcieved 
by ultrafiltering using a VM 5 membrane (nominal MW cutoff = 5000).
The heme containing components were retained by the membrane while the
nonheme fragments were filtered through.
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Bio-Rex 70 Purification, The heme containing mixture was piaced 
in sodium phosphate buffer (pH = 7.2, f i = 0.33) by ultrafiltering using 
a YM 5 membrane, and the sample of appioximately 5 ml was loaded on a 
Bio-Rex 70 column (1.3 x 20 cm) equilibrated in the same buffer at 4°C. 
The column was eluted with the buffer using a flow rate of 10 ml/hour, 
and absorbance was monitored at 405 nm.
P-6 Purification. The nonheme mixture was concentrated initially by 
ultrafiltration using a YCO 5 membrane (nominal MW cutoff = 300). A 
ninhydrin test on the eluant was positive for amino acids, meaning that 
all of the protein was not retained by the membrane. Concentration 
to approximately 10 ml was achieved by lyophiiization. The mixture 
was then desalted on the benchtop using a P-2 column (1.0 x 25 cm) 
equilibrated in 0.05M NaCl. One milliliter fractions were collected and 
tested for protein using ninhydrin. All protein-containing fractions 
were pooled and concentrated to approximately 5 ml by lyophiiization.
The sample was loaded on a P-6 column (1.5 x 25 cm) equilibrated in 0.05M 
NaCl, and -was eluted at 3 ml/hour at 4°C. Absorbance was monitored 
at 254 nm.
IV. Results
Sephadex G-50 Purification, The separation resulting from Sephadex G-50 
purification (Figure 4) resembled the published profile by Corradin and 
Harbury (Figure 5), but the degree of resolution was significantly poorer.
The favorable results achieved by Corradin and Harbury could be attributed 
to the length of column used (2.5 x 135 cm).
fiver the course of approximately three months, the Sephadex G-50 
gel in 7% formic acid developed an inhomogeneity, and the separation 
obtained worsened (Figures 6, 7, 8). Tesser, et. al., (10) noted that 
the separation of CNBr cleavage fragments in formic acid depended upon 
the specific lot or "batch" number of gel used. They found that the 
early batch number of 9721 gave excellent separation while later batch 
numbers of 10105 and 13595 gave poor separation. In a communication 
with Pharmacia, the supplier of Sephadex gels, they found that the 
processing had been altered somewhat in the later batches. The batch 
number of the gel used in this research was 23494, which, because of 
the larger batch number, was assumed to be a batch prepared under the 
new process. So, it was concluded that good separation on Sephadex G-50 
was not attainable using the column dimensions and gel available.
Bio-Rex 70 Purification. In the cleavage of cytochrome c with CNBr, 
heme-containing fragments, HP-65 and HP-80, are generated. In addition, 
unreacted cytochrome c, as well as cytochrome c with homoserine conversion 
without cleavage at methionine 80 are present in the reaction mixture (7).
In order to distinguish between the four heme-containing components 
present in the reaction mixture, chromatographic and spectroscopic 
techniques were employed.
The purification of the heme-containing components on Bio-Rex 70
showed good separation (Figure 9). In order to identify each component,
II
2Figure 4. Elution profile showing some separation of heme and nonheme 
fragments from CNBr cleavage of 50 mg cytochrome c. The 
column of Sephadex G-5Q (2.5 x 25 cm) was equilibrated and 
eluted with 7% formic acid at 4°C. The flow rate was 
2 ml/hour, and the absorbance was monitored at 280 nm. This 
profile shows some separation, but it is significantly poorer 
than that obtained by Corradin and Harbury (7).
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Figure 5. Elution profile adapted from Corradin and Harbury(7). The 
column of Sophadex G-50 (?,5 x 135 cm) was equilibrated and 
eluted with 7% formic acid at room temperature. The separation 
seen here is considerably better than that seen in Figure 4,
The large difference in resolution could be due to column 
length and batch number of gel used.
- •’SI
uFigure 6. Elution profile obtained from Sephadex G-50 column on
December 15. The Sephadex G-50 column (2.5 x 25 cm) was 
equilibrated and eluted with 7% formic acid at A°C. A 
flow rate of 2 ml/hour was used and absorbance was monitored 
at 280nm. Note the separation compared to Figure 7 and 
Figure 8.
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Figure 7, Elution profile obtained from Sephadex G-50 column on 
January 10. The Sephadex G-50 column (2.5 x 25 cm) was 
equilibrated and eluted with 1%  formic acid at 4°C. A 
flow rate of 2 ml/hour was used, and absorbance was monitored 
at 280 nm. Note the poorer separation compared to Figure 6.
i
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Fiquie 8. ! 1ution profile obtained form Sephadex 0-50 column on
January 2(). The Sephadex G-SO column (2.5 x 25 cm) was 
equilibrated and eluted with 7% formic acid at 4U( . A
flow rate of 2 ml/hour was used, and absorbance was monitored j
j
at 280 nm. Note the low separation compared to Figure 6 ]
and Figure 7. j
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Figure 9. Elution profile of heme polypeptides on Bio-Rex 70, The 
heme-containing components from a 50 mg cytochrome c/CNBr 
reaction mixture was loaded on Bio-Rex 70 column (2.5 x 25 cm) 
equilibrated and eluted with sodium phosphate buffer (pH r 7,2, 
fi= 0.33) at 4°C. A flow rate of 10 ml/hour was used, and 
absorbance was monitored at 405 nm, Peak 1 is HP-65. Peak 2 
was identified as HP-80. Peak 3 and Peak 4 were identified 
as cytochrome c with homoserine at methionine and native 
cytochrome c, respectively.
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the following procedure was employed: To insure purity, each peak was
rechr omatogrsphed on the some Bio-Re* / column using elution conditions 
previously described (see Methods— Bio-Hex 70 Purification). Each of 
the four samples was subjected tc c »ur under the same conditions previously 
stated (see Methods Reaction). Toe reaction mixtures were neutralized, 
ultrafiltered using a VM r; membrane, and chromatographed on the same 
Bio-Rex 70 column.
The eluant from ultrafiltration of the reaction mixture of Peak 1 was 
negative for amino acids using ninhydrin, indicating that no nonheme 
fragments were generated in the reaction. Chromatography of the heme- 
containing components revealed one peak corresponding in elution volume 
to Peak 1 of figure 9. From these results, it was concluded that Peak 1 
corresponded to HP-65, since this polypeptide contains no methionine 
at which CNBr may react.
The results of amino acid anlaysis of Peak 1 by the University of 
Illinois Biotechnology Center are shown along with the theoretical 
predictions in Table 2. Although the results show some similar trends, 
the experimental data does not conclusively identify the sample as HP-65. 
The absence of methionine is not a distinguishing characteristic since, 
as reported by Corradin and Harbury (7), methionine 65 can be converted 
to homoserine in HP-80. Thus, the absence of methionine upon amino 
acid analysis could be seen for both HP-65 and HP-80.
The spectrum of HP-65 is shown in figure 10. The Soret band is 
at 406 nm.
When the ultrafiltration eluant form the Peak 2 reaction mixture was 
tested for amino acids by ninhydrin, the results were positive, meaning 
that nonheme fragments were generated during the course of the reaction.
The elution profile obtained upon chromatography of the heme-containing 
mixture revealed two components, corresponding in elution volumes to Peak 1
19
Table ?. The results of amino acid analysis conducted by the University 
of Illinois Biotechnology Center. The absence of methionine 
could be characteristic for either HP-65 or HP-80 with 
homoserine at position 65.
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Table 2. The results of amino acid analysis conducted by the University 
of Illinois Biotechnology Center. The absence of methionine 
could be characteristic for either HP-65 or HP-80 with 
homoserine at position 65.
Amino Acid Analysis for HP-65
Amino Acid Number of Residues 
Experimental Theoretical
Asx
Glx
Giy
His
Arg
Thr
Ala
Pro
Tyr
Val
Met
lie
Leu
Phe
Lys
Note: Asx = Asp ♦ Asn;
6.17 c,
7.63 7
6.80 10
2.37 3
1.62 1
5.23 7
A. 31 3
2.99 1
2.11 1
2.58 3
0 0
2.69 2
3.94 3
3.62 4
11.13 11
x = Giu ♦ Gin
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Figure 10. The UV-vis spectrum of HP-65 from 710 nm to 230 nm. The 
Soret is at 406 nm. Note the absence of a band at 695 nm 
due to the absence of methionine 80 coordination to the iron.
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and Peak 2. Since HP-80 can contain one methionine at position 65, 
the generation of HP-65 from HP-80 is possible. Thus, the two components 
from this elution profile were identified as HP-65 and unreacted HP-80, 
while Peak 2 was identified as HP-80. The UV-vis spectrum for HP-80 
is shown in Figure 11.
A ninhydrin test on the ultrafiltration eluant from the Peak 3 
reaction mixture was positive for amino acids, and, thus, protein, meaning 
that cleavage occurred. The elution profile obtained from the Peak 3 
reaction mixture showed two peaks with elution volumes corresponding to 
Peak 1 and Peak 3. No component corresponding in elution volume to 
Peak 2 was observed. Peak 3 was identified as cytochrome c with homoserine 
formation at methionine 80. Therefore, no HP-80 (Peak 2) can be generated 
from this modified cytochrome c since CNBr is specific for methionine 
and does not react with homoserine. Some HP-65 can be generated from this 
modified cytochrome c because methionine is found in small amounts at 
position 65.
The spectrum of this component served to reinforce the assignment 
of modified cytochrome c. It has been shown that, at pH < 10, a characteristic 
band at 695 nm corresponding to methionine 80 coordination to the iron 
center is present (Figure 12) (11). At pH > 10, the characteristic 
band disappears (Figure 12). Investigators have postulated that a 
neighboring amino acid residue, possibly lysine 79, fills the sixth 
coordination position (12). The absence of the characteristic band at 
695 nm in the spectrum of Peak 3 (Figure 13) indicated that methionine 10 
was no longer coordinated to the iron center. Combining chromatographic 
and spectroscopic data, Peak 3 was identified as cytochrome c with 
homoserine formation at methionine 80.
The elution profile obtained upon separation of the Peak 4 heme- 
containing reaction mixture revealed four componentscorresponding in
?1
igure 11
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. The uv-yis spec:trum of HP-80 f rom 710 nm to 230 nm. The 
■oret is ,r  406 nm.
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Figure 12. Trie UV-vis spectrum of oxidized cytochrome c form 710 nm to
230 nm. (--------) is cytochrome c at pH = 7,2.
(.......... ) is cytochrome c at pH > 10. Notice the
disappearance of the band at 695 nm as the pH is raised.
This band is thought to be due io methionine 80 coordination 
at the heme center.
A
b
s
o
rb
a
n
c
e
Wavalangth (nm)
24
Figure 13. The UV-vis spectrum of cytochrome c with homoserine at the 
methionine 80 position. Note the absence of the band at 
695 nm due to lack of methionine 80 coordination at the
heme center.
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elution volumes to Peak 1, Peak 2, Peak 3, and Peak 4. The spectrum 
of Peak 4 (Figure 14) showed the characteristic band at 693 nm, indicating 
the presence of methionine 80 in the sixth coordination position of the 
iron. Thus, Peak 4 was identified as native cytochrome c.
P-6 Purification. The elution profile of the nonheme mixture on 
P-6 gel (Figure 15) showed the separation of three components. Based 
on the differences in molecular weight (see Table 1), the assignments 
of Peak 1, Peak 2, and Peak 3 to nonheme polypeptide 66-104, nonheme 
polypeptide 80-104, and nonheme polypeptide 66-80, respectively, were 
made. The UV-vis spectrum of nonheme polypeptide 66-104 showed no 
distinguishing features, although increased absorbance did occur 
in the region between 310 nm and 230 nm, indicating protein concentration.
: b ; "M: ■ is-
m  im
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Figure 14. The UV-vis spectrum of cytochrome c at pH =7.2.
The presence of the band at 695 nm is evidence that 
methionine 80 occupies the sixth coordination position 
of the iron.
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Figure 15. Elution profile showing separation of nonheme polypeptides 
generated by the reaction of CNBr with 50 mg cytochrome c.
The P-6 column (1.5 x 25 cm) was equilibrated and eluted 
with 0.5M NaCl at 4°C. The flow rate was 3 ml/hour, and 
absorbance was monitored at 254 nm. Based on molecular 
weights, Peak 1 was identified as nonheme polypeptide 66-104, 
Peak 2 was identified as nonheme polypeptide 81-104, and 
Peak 3 was the 66-80 nonheme fragment.
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V. Summary
This project shewed that the generation of HP-65 form cytochrome c 
by CNBr is possible using the conditions outlined by Corradin and 
Harbury (7', Purification using Sephadex G-50 was not attainable 
considering the gel and column dimensions available. By making use 
of ion exchange chromatography and spectroscopic techniques, all four 
heme-containing components present in the reaction mixture were identified, 
and a sample of HP- .5 was submitted for amino acid analysis. The three 
nonheme fragments were separated by gel filtration, an* the peak 
assignments were made based on molecular weights.
At this time, this project is not complete. Samples of HP-65 and 
the nonheme polypeptide 66-104 should be submitted for amino acid 
analysis, in hopes that the accuracy of the service can be improved. 
Reaction conditions should be varied in order to increase the yield 
of HP-65 and nonheme polypeptide 66-104— during this project, much 
cytochrome c was not reacted. Finally, the reconstitution of the bond 
between residues 65 and 66 should be performed as outlined in (8).
HP-65 can open the door to many other investigations. The number 
of semisynthetic analogs that can be generated is infinite, and the 
effects of amino acid squence variation on redox activity can be studied.
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